In millimeter-wave (mmWave) MIMO systems, while a hybrid digital/analog precoding structure offers the potential to increase the achievable rate, it also faces the challenge to lower channel estimation time due to a large number of antennas at both Tx/Rx sides. In this paper, the channel estimation is realized via multi-beam search, and a new hierarchical multi-beam search scheme, which uses a predesigned analog hierarchical codebook, is proposed. Performance evaluations show that, compared with a state-of-the-art scheme, the proposed scheme not only achieves a higher success rate to acquired multiple beams under typical system settings, but also greatly reduces the channel estimation time.
I. INTRODUCTION
Millimeter-wave (mmWave) communication is a promising technology for next-generation wireless communication owing to its abundant frequency spectrum resource [1] , [2] . In general, mmWave communication needs to equip large antenna arrays to compensate for the high pass loss through analog beamforming, which corresponds to the structure that a large antenna array is tied to a single radio-frequency (RF) chain [3] . Although many beam training schemes have been proposed for analog beamforming [3] , they generally share the disadvantage of steering towards only one multipath component (MPC), i.e., these schemes are not capable of achieving multiplexing gain in addition to array gain.
In order to achieve multiplexing gain (multiple-stream transmission), a hybrid analog/digital precoding structure was then proposed 1 [4] , where a small number of RF chains are tied to a large antenna array. This structure enables parallel transmission, and thus provides the potential to approach the capacity bound that can be achieved via digital precoding. However, the existing beam training schemes for analog beamforming [3] , which acquire only one MPC, do not feasible for the multi-stream transmission, where multiple MPCs need to be estimated. In [4] , a hierarchical codebook was designed by exploiting the hybrid structure, and based on the codebook, a hierarchical multi-beam search method was proposed to This work was partially supported by the National Natural Science Foundation of China (NSFC) under grant Nos. 61571025, 61201189, 91338106, and 61231013. 1 Beamforming in the case of multi-stream transmission is called precoding here. acquire at least S (the number of streams) MPCs/clusters with the highest powers. Although this approach [4] is theoretically feasible, it is still time consuming, and its estimation performance may be degraded by the codebook design in [4] , which depends on both the number of RF chains and S . In fact, only when both of them are large enough, good widebeam codewords can be shaped; otherwise there may be deep sinks within the coverage of a beam, which will result in highrate miss detection of MPCs.
In this paper, we propose a new hierarchical multi-beam search scheme, which uses a pre-designed analog hierarchical codebook, rather than the hybrid hierarchical codebook designed in [4] . The pre-designed analog hierarchical codebook is robust to the number of RF chains and S , which guarantees a robust performance. Moreover, the proposed search scheme exploits the particular channel structure in mmWave communication and the hierarchical feature of the pre-designed codebook, which greatly reduces the required time slots. Performance evaluations show that, compared with the alternative in [4] , the proposed approach achieves a better performance on the acquisition of the S strongest MPCs under typical system settings. Moreover, the time complexity of the channel estimation are reduced from 3 S 2 -proportional time slots to S -proportional time slots, where is the hierarchical factor to be defined in Section III.
II. CHANNEL MODEL AND THE PROBLEM
Since mmWave channels are expected to have limited scattering [5] , MPCs are mainly generated by reflection. Different MPCs/clusters have different physical transmit steering angles and receive steering angles, i.e., physical angles of departure (AoDs) and angles of arrival (AoAs). Similar to [4] , we adopt uniform linear arrays (ULAs) with a half-wavelength antenna space in this paper 2 , and a downlink channel from the base station (BS) to a mobile station (MS) 3 can be expressed as
2 While the proposed approach can be also extended to arbitrary antenna arrays. 3 The proposed approach is also feasible for the uplink transmission. where A and A are the numbers of antennas at the BS and MS, respectively, ℓ is the complex coefficient of the ℓth path, is the number of MPCs and ≥ S , g(⋅) is the steering vector function, Ω ℓ and ℓ are cos AoD and AoA of the ℓth path, respectively. Let ℓ and ℓ denote the physical AoD and AoA of the ℓth path, respectively; then we have Ω ℓ = cos( ℓ ) and ℓ = cos( ℓ ). Therefore, Ω ℓ and ℓ are within the range [−1, 1]. For convenience, in the rest of this paper, Ω ℓ and ℓ are called AoAs and AoDs, respectively, as we design the multi-beam search schemes in the cosine angle domain. Similar to [4] , [6] , ℓ can be modeled to be complex Gaussian distributed, i.e., ℓ ∼ (0, 1/ ), while ℓ and ℓ are modeled to be uniformly distributed within [0, 2 ). g(⋅) is a function of the number of antennas and AoD/AoA, and can be expressed as
where is the number of antennas, Ω is AoD or AoA.
Remark 1. Evenly sampling the cosine angle space [−1, 1]
with an interval length 2/ from −1+1/ leads to steering vectors g( , −1 + (2 − 1)/ ), = 1, 2, ..., . We say each vector of them represents a basis beam with a width 2/ .
Apparently it would be rather time consuming to estimate H entry-wisely, as the antenna size is large. Fortunately, according to the structure of mmWave channel in (1), we only need to search the AoDs and AoAs of the S most significant MPCs to capture the majority of the channel energy. The search efficiency depends on the design of the hierarchical codebook and the search scheme. Different from [4] , we are going to propose an improved hierarchical multi-beam search scheme based on a pre-designed analog combining codebook.
III. HIERARCHICAL CODEBOOK DESIGN
A typical hierarchial codebook ℱ is shown in Fig. 1 , where ℱ has ( + 1) layers (not including the over-sampling layer). In the th layer, there are codewords with the same beam width but different steering angles, = 0, 1, ..., , where is the hierarchical factor. The union of beam coverage of all the codewords in each layer equals [−1, 1]. The number of antennas is assumed to satisfy = . Let w( , ) denote the th codeword in the th layer, = 0, 1, ...,
. Then the beam coverage in the angle domain of w( , ) is the union of those of {w( + 1, ( − 1) + )} =1,2,..., , which is the critical feature why the codebook is hierarchical. For convenience we say w( , ) is a parent codeword of its child codewords w( + 1, ( − 1) + ), = 1, 2, ..., . There are codewords in the th layer of the codebook, and they are just the evenly sampled basis beams mentioned in Remark 1. The angle resolution is 2/ in this layer. If a more accurate estimation of AoDs and AoAs is required, we need the over-sampling layer as shown in Fig. 1 
. All these codewords within this layer are the steering vectors to sample the angle domain with an interval of 2/( ). Whether or not this oversampling layer is needed depends on practical requirements.
The design of this hierarchical codebook is challenging due to the constant-amplitude (CA) constraint on the codewords. In our previous work [7] , analog beamforming was studied, and codewords with wide beams are designed by turning off part of the antenna elements. In [4] , hybrid analog/digital beamforming was studied, and the codebook design is formulated as a sparse problem based on the hybrid structure, and solved by the orthogonal matching pursuit (OMP) algorithm. Note that in [7] only analog combining was used for the codebook design, rather than the hybrid combining in [4] .
However, these two codebooks has separate drawbacks. For [7] , the number of active antennas is usually small when widebeam codewords are configured. Because the transmit power per antenna is usually limited in mmWave communications, this would in turn limit the total transmit power in the beam search, and is undesired in general. For [4] , although multiple RF chains provides additional degrees of freedom, only when the number of RF chains is large enough, good wide-beam codewords can be generated; otherwise there will be deep sinks [4, Fig. 5 ] within the beam coverage, which degrades the beam search performance.
In this paper, we choose to use the joint sub-array and deactivation (JOINT) codebook design [8] for hybrid beamforming. Note that in [8] we only proposed the codebook design, while in this paper we further consider to use it in hierarchical multibeam search. Since the codebook with = 2 is widely used, we introduce the method to generate the codewords with the JOINT approach here for the case of = 2. However, we must note that the approach can also be used for other cases where has other values. Codeword Generation with JOINT:
.., , we obey the following procedures to compute w( , ): 2( −1) ), where = 2, 3, ..., 2 , and ∘ is the entry-wise product; • Normalize w( , ). 
where A is the number of active sub-arrays. Fig. 2 shows the comparison of the beam patterns between JOINT and the approach in [4] , where we can find that when the number of RF chains is small, there are deep sinks within the beam coverage of the wide-beam codewords, and the sink is more severe when the number of RF chains is smaller, which are in accordance with the results in [4] (Fig. 5 therein) . Clearly, if the AoD or AoA of an MPC is along the sink angle, it cannot be detected with the codeword, which results in miss detection. Besides, the beam coverage of the codewords in [4] are sensitive to both , the number of required MPCs, and the number of RF chains, i.e., different system settings need different codebooks. In contrast, there is no deep sinks within the beam coverage of the codewords in the JOINT codebook, and the JOINT approach is robust against the numbers of RF chains and data streams.
IV. HIERARCHICAL MULTI-BEAM SEARCH
Based on the pre-designed hierarchical codebook, we next introduce the proposed beam search algorithm to find the S most significant beams on the Tx/Rx angle plane. While it is natural to search the multi-beams one by one, there are two critical issues to consider when extending a one-beam search scheme to a multi-beam search scheme.
The first issue is how to cancel the effect of the already found beams in the on-going beam search. Here we propose to exploit the particular structure of the mmWave communication channel shown in (1), where each MPC/cluster has an AoD, AoA and path coefficient. Let
Consequently, during the search process we can write H as
where ℐ fd represents the indices of the already found MPCs, while H fd and H nfd represent the already found channel response and the not yet found channel response, respectively. During the multi-beam search, we need to perform beamforming measurements over H nfd , which can be obtained as
where the second component is just the contribution of the already found MPCs. The second issue is how to perform layered search. According to the designed hierarchical codebook. In each layer there are candidate child codewords at both the BS and MS. A straightforward method is to exhaustively measure all the possible codeword pairs and find the best codeword pair [4] , and requires 2 measurements. In the case of multi-beam search, the number of measurements becomes 2 2 , since the number of candidate child codewords becomes in each layer at both sides [4] . In our scheme we adopt a more efficient scheme, i.e., BS uses the parent codeword found in the last-layer search, while MS sequentially measures its child codewords and finds the best one; then, MS uses the found best codeword, BS sequentially measures its child codewords and finds the best one. Thus, we only need 2 measurements for the search in each layer.
The proposed hierarchical multi-beam search scheme is shown in Algorithm 1. There are S iterations in the search process, and a single MPC will be searched in each of them. There are three phases to search a single MPC:
• Search for the initial Tx/Rx codewords. As in mmWave communication the transmission power is generally limited, the beamforming gain cannot be too small. Thus, the beamforming training may not start from the 0th layer, where the codeword is omni-directional and the gain is the lowest. Instead, the beamforming training may need to start from some layer, e.g., the LY th layer in Algorithm 1, to provide sufficient start-up beamforming gain. In this process, there are LY candidate codewords at both BS and MS. Thus, an exhaustive search over all the BS/MS codeword pairs is adopted to search the best Tx/Rx codeword pair, which are treated as the parent codewords for the following search. • Hierarchical refinement. In this process, a staged search is performed to refine the beam angle step by step. The search process has ( − LY ) stages, and begins from the ( LY + 1)th layer. In each stage, there are candidate 
/ * Hierarchical refinement. * / for = LY + 1 : do for = 1 :
/ * Updating the already found channel response. * /
3) Result:
The ℓth (ℓ = 1, 2, ..., S ) index pair is ( ℓ , ℓ ) within the over-sampling layer.
codewords at the BS and MS, which are the child codewords of the found parent codeword in the last stage. At first, the BS uses the parent codeword, while the MS sequentially tests all the child codewords and find the best one. Then the MS uses the best child codeword just found, while the BS sequentially tests all the child codewords and find the best one. The found best child codewords at the BS and MS are treated as the parent codewords in the next-stage search. • High-resolution refinement. After the hierarchical refinement, the AoD and AoA of an MPC have been found with a resolution of 2/ and 2/ . In practice is generally small, because a promising performance can be achieved when is small (e.g., = 2), as will be shown in Section V. Hence, for each index pair ( MS , BS ) of the codewords found in the hierarchical refinement, we just need to test all the index pairs within [( MS −1) + 1, MS ] at the MS and [( BS − 1) + 1, BS ] at the BS, and select the one with the greatest strength as ( ℓ , ℓ ). The number of required measurements is 2 .
V. TIME COMPLEXITY AND PERFORMANCE COMPARISONS
Since there are multiple RF chains at the BS and MS, each time slot we can make multiple measurements by sending different orthogonal training sequences on different RF chains with different codewords at the BS, and receiving with different codewords at the MS. Thus, the total number of time slots for the hierarchical search method using Algorithm 1 can be roughly computed as For a fair comparison, we assume the required number of MPCs is equal to S . Then the required number of measurements of the scheme in [4] 
which is roughly proportional to 3 S 2 . The left figure in Fig. 3 shows the comparison of time complexity, i.e., required time slots for beamforming training, between the proposed hierarchical multi-beam search and the scheme in [4] , with the parameters listed in the caption. It 4 In this formula it was assumed that A ≥ A . can be observed that the proposed hierarchical search scheme achieves a significant reduction on the required time slots.
Next, we evaluate the performance of the proposed hierarchical multi-beam search (HIBS) through simulations. The channel model introduced in Section II is adopted. In all the simulations, we set A = A = 32, but we note that we have also evaluated the performances with other numbers of antennas, and similar results can be observed. In addition, the other parameters are all set typical values for mmWave communication in the simulations, e.g., the numbers of MPCs ( ), RF chains and streams are basically small. Fig. 3 shows the success rates of the proposed HIBS method with varying . From this figure we can find that: (i) Due to the effect of the previously found MPCs and the mutual effect of MPCs, the success rate cannot consistently increase as SNR. (ii) Basically when S is smaller, the success rate is higher. This is mainly because the contributions of the already searched MPCs cannot be completely subtracted off, and they affect the search of the next MPC. The effect becomes more significant as S increases. (iii) The success rate is higher when is larger. This is because larger means more-accurate estimation of the AoDs and AoAs, and further more-accurate contribution subtraction of the already searched MPCs. From the figure we can find that when S = 3, the improvement of success rate by increasing is more significant than the cases of S = 2 and S = 1.
The middle figure in
The right figure in Fig. 3 depicts the comparison of success rates between the proposed HIBS scheme and the search scheme in [4] (termed with "Sparse"). From the comparison, we can find that the Sparse scheme is sensitive to the number of RF chains. Even with 4 RF chains, its performance of success rate is poorer than the proposed scheme, which requires only 1 RF chain for MPC estimation. This performance disadvantage is mainly due to the hierarchical codebook design in [4] , where the wide-beam codewords may have deep sinks within the beam coverage when the number of RF chains is not large enough, which may easily result in miss-detection of MPCs.
VI. CONCLUSION In this paper, an improved hierarchical multi-beam search scheme, which uses a pre-designed hierarchical codebook and the particular channel structure in mmWave communication, has been proposed for MIMO mmWave systems with a hybrid analog/digital precoding structure. Performance comparisons show that, compared with the alternative in [4] , the newly proposed approach achieves a better performance on the acquisition of the S strongest MPCs under typical system settings, i.e., the numbers of RF chains and data streams are not large. Moreover, the required time slots for the multibeam search is reduced from 3 S 2 -proportional to Sproportional.
